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ABSTRACT

The Source Physics Experiment (SPE-N) at the Nevada National Security Site (NNSS) provides new data
for investigating the excitation and propagation of seismic waves generated by buried explosions. A
particular target is the generation of Swaves. The far-field ground motions during the first two SPE
explosions reveal complex features, such as pronounced azimutha variationsin P- and S-wave arriva
times, amplitudes and scattered energy. Substantial energy is observed on the tangential component. We
pursue multiple approaches for analyzing the effects of three-dimensional (3D) structure and scattering on
wave propagation. These include determinations of the source characteristics, comparisons of waveforms
from local earthquakes with the SPE waveforms, refinements of the 3D velocity model, and numerical
simulations of the source using both standard moment tensor representations and coupled hydrodynamic
codes. A comparison of the SPE waveforms with nearby earthquakes shows clear differencesin phase
amplitude ratios between the shots and the earthquakes. A full waveform moment tensor inversion using a
1D velocity model and seismograms recorded at a distance of approximately 2 km yielded a poor fit to the
tangential components suggesting significant 3D velocity variations. Anelastic finite-difference synthetic
seismograms were cal culated using the WPP computer program and a 3D seismic model. The 3D seismic
model includes surface topography. It is based on regional geological data, with material properties
constrained by shallow borehole data. The model was progressively increased in complexity by adding
random heterogeneities to evaluate the effect of wave scattering on waveform complexity. Two types of
sources were tested: a moment tensor representation and an extended source generated by GEODY N,
which isa 3D hydro-dynamic code. Finally we use simulations of the SPE explosions and local earthquakes
to examine the frequency behavior of P/S ratios as function of source size and geology.
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OBJECTIVES

The SPE-N is aseries of chemical explosionsintended to enhance our physical understanding and ability to
guantitatively model seismic signals from explosions at the NNSS with the goal of improving our nuclear
test monitoring capabilities (Brunish et al., 2010). The main objective isto develop comprehensive
three-dimensional high fidelity modeling capabilities to enable a transition from the current
empirically-based explosion monitoring approach, where accuracy hinges on the availability of calibration
data, to a physics-based predictive approach, where seismic observables are correlated to both non-linear
physical processesin the near source region, and wave propagation scattering away from the source. To
address these issues, we are devel oping an end-to-end three-dimensional (3D) simulation methodology to
model the data collected, including non-linear (shock) motions and linear anelastic motionsin the solid
earth. We seek to understand the partitioning of energy excited by underground explosions and its
propagation in complex 3D geological structure to far-field seismic monitoring stations. The data obtained
during the SPE series will be used to validate and calibrate these numerical modeling techniques. Although
the entire wavefield will be modeled, particular focusis on the generation of shear waves.

In parallel with the numerical modeling, a comprehensive set of empirical and semi-empirical analysis and
discrimination techniques are being applied and will be contrasted with the numerical results. Here we
present an overview of the research performed, which included signal analysis of ground motion data
recorded at source distances shorter than 1 km, effects of underground structure on ground motion, full
waveform moment tensor inversion of far-field motion for the SPE-2 explosion, analysis of P/Sratio asa
function of source size using waveforms from SPE and local earthquakes. Finally we present preliminary
results of our work on coupling three-dimensional near-field with far-field motion simulated with
GEODY N and WPP computer programs developed at Lawrence Livermore National Laboratory.

RESEARCH ACCOMPLISHED
Analysis of Recorded Waveforms

A variety of instruments were
deployed in five lines extending 37.3°
radially away from the shot point
(Figure 1). Short-period (4.5 Hz)
geophones, broad-band sensors,
accel erometers and rotational
sensors were deployed at selected
locations. These instruments were
installed on concrete pads set at a
shallow depth into the surface.
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Figure 2 shows recorded vertical
component seismo-grams for two
lines, Line1 (L1) and Line 3 (L3),
which show significant differences
in amplitude and frequency. L1 is
entirely situated on the weathered =
granite of the Climax Stock, while 3741 ’ﬁ,'_ :
L3 starts on the granite but is <
mostly situated on the Quaternary
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Figure 2. Recorded vertical velocity at L1 (left) and L3 (right).

Climax Stock to the sediments and tuffs of Y ucca Flat.
To assist understanding of the waveforms, a polarization filter (Vidale, 1986) is applied to selected

waveforms at a distance of 400m (Figure 3). Plots of Strike and Dip are the estimated azimuth and dip
angle of the direction of maximum polarization. Angular Polarization Pz measures the degree of dlipticity
of motion. Pg isl for circularly polarized motion, and Ps is O for linearly polarized motion. Polarization
Strength measures the directionality of the particle motion. Polarization strength is high for motion highly

polarized in asingle direction.

L1-04 and L2-04 waveforms are similar and show alarge amplitude, linearly polarized phase observed in

the transverse component, with its peak at 0.15s, travelling with avery small strike angle, which we

interpret as adirect S body wave from the source. The second and third arrivals observed on all three

components (peak amplitudes
a 0.30sand 0.38sat L1-04

and L2-04) appearsto be an
elliptically polarized Rayleigh
wave propagating from the
source direction as indicated
by angular polarization, and
low strike angle and dip
angles. The fourth significant
phase observed in the

For L3-04, which isin Yucca
Flat, the pattern differs. The
first energetic arrival isa
strong SV wave immediately
followed by a Rayleigh wave.
The largest phases at this
station are multi-azimuthal
Love waves.

transversal component which —— e ;I  — f'f"\ﬂp’\ ;
starts at 0.42 sand 0.5 sec at - \\l — ’“W —
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Figure 3. Polarization analysis of the velocity records at stations
L1-04, L2-04, and L3-04. The Dip Strike Angular Polarization and
Polarization Strength are defined in the text.

Waveform Moment Tensor Inversion

Asapreliminary step towards evaluating the source mechanism of the SPE-2 explosion we conducted a full
moment-tensor inversion using waveform data recorded by broadband instruments (Guralp CMG-40T and

Trillium-120). We applied the inversion technique of Ford et a (2006). Synthetic displacement
seismograms are cal culated with a frequency-wavenumber integration method. Both computed and

recorded displacements were band-pass filtered at 0.5-2Hz. A 1D velocity model was constructed assuming

a 20 m thick weathered layer (Vp = 2700 m/s, Vs = 1600, r = 2600 kg/m®, Q = 300) over granite
(Vp =5000 m/s, Vs= 2700 m/s, r = 2600 kg/m3, Q = 600).
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Inversions were conducted using

four possible source types: Table 1. Resultsfrom 1D inversion

explosion, full moment tensor,

deviatoric, and double-couple Source Variance | Moment Mw
(Table 1). The explosion source reduction

fit the vertical components SPE2

reasonably well except for Explosion 45% Mg6.3x10™ N-m My138
station L3-20, which is located Full moment tensor | 48% M2.1x10 N-m Mu2.2
onthealluvium and tuffsof Deviatoric 42% M. 1x10™ N-m MwL.7
YuccaFlat rather than the granite | |"geqt double couple | 36% M;3.1x10% N-m Mwl1.6
Climax Stock. Radial SPE1

components appeared similar in - O\

shape but with a poor fit to the Explosion | | Mg6x10" N-m [ My1.2

amplitudes. As expected for a1D
model and isotropic source, no energy was generated on the tangential components. A full moment tensor
inversion (Figure 4) provided a dlightly better fit with a variance reduction of 49%. The moment tensor is
partitioned into 75%, 20% and 5 % isotropic, CLV D and deviatoric components respectively. A constraint

solution to only produce the deviatoric rangentin g vercen
component yielded 68% CLVD and 32% DC el Data
contributions. None of these solutions fits the g Full
tangential displacement satisfactorily. This, o

combined with the observations of multi- s1s7om

pathing, suggest that a 3D model is required to 11000m

adequately fit the data even in the low frequency perer

range of 0.5—2 Hz. e

Local 3D Velocity Model }}}fm

An important part of our work is the 13:20

development of aregional three-dimensional e

velocity model of the SPE site area. The model o

was used to simulate near-field ground motion eam

from the SPE-2 explosion and perform 12400m

sengitivity analysis of the simulated motion to un

shallow structure complexities and surface ba0e”

topography. Our velocity model was based on a Lsec
geologic model developed with EarthVision, a Figure 4. Waveform fits comparing data (black)
3D geologic Gl S/visualization program (Figure with inversion resultsfor the full moment tensor
5). A set of layers corresponding to the (green) and isotropic explosion (red) solution as
topography, Quaternary alluvium, Tertiary tuffs, matched at selected broadband stations.
pre-Tertiary carbonates, and granite Climax __lsec line plotted as a 1-sec scale to indicate dur ation of
Stock were meshed with an initial grid spacing Setsmograms.

of 10 m. Each layer was assigned a velocity with Iso and Full represent synthetics obtained with the isotropic
avertical gradient and lateral and vertical and full moment tensor sour ce representations.

variations. We used borehole data from the

Climax stock and other locations in the Y uccaflat to constrain the velocity gradient and vertical variability
of velocity in the alluvium tertiary layer and granite. The horizontal and vertical correlation length of large-
scale velocity variations within each layer are 350 m and 20 m respectively, whereas the amount of
variability changes within each layer. We used the empirical relationships of Brocher (2005) to estimate the
shear wave velocity and density from compressional wave velocity. Figure 6 shows a N-S cross-section of
the 3D velocity model. The section passes through the SPE site. 1D profiles of the Vp shown at two
locationsillustrate the assumed gradient and vertical variation of velocity in the Climax Stock and Y ucca
flat.

A comprehensive geological study of the Climax stock that includes ample information from borehole data
(Townsend et al., 2012) suggests that the granite is highly fractured and itstop 30 m highly altered. Recent
2D tomographic models indicate that the thickness of the weathered layer is about 25 m with P wave
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velocity of about 1.2 km/s at the surface. Patton et al. (2012) (this proceedings) found that the weathered
layer along L1 has athickness of 22 m, Vp=1300m/s and Vs=700 m/s. To investigate the effects of the
weathered granite layer on seismic waveforms, we generated as series of 2.5D finite difference
seismograms using an isotropic point source. The assumed velocity profiles and the corresponding
simulation resultsfor L1 are shown in Figure 7. Model #4 produces a good fit between the simulated and
recorded Rg wave but underpredicts the Rg wave velocities slightly.

Figure5. Geologic model used to develop the velocity model showing (@) granite Climax Stock
and (b) pre-Tertiary, alluvium and fill in Yucca Flat (Rodgerset al., 2010a).

Finite Difference Simulation of Far-Field Ground Motion

A series of 3D simulations of the far-field wavefield were performed using the WPP finite difference code
(Petersson and Sjogreen 2011). WPP is a second-order node-centered code designed specifically for
implementation on highly-parallel machines. It models the full wave equation and is capable of handling
3D variationsin the material properties, topographic variations on the free-surface (Appel o and Petersson,
2009), and attenuation (Petersson and Sjogreen, 2012). It a so includes depth-dependent mesh refinement
(Petersson and Sjogreen, 2010). WPP has been previously used to simulate earthquakes (Rodgers et al.,
2008) and nuclear explosions (Rodgers et al., 2010b).

Figure 6. N-S cross-section of the 3D velocity model through the SPE site. Top panels show Vp as
afunction of depth at Yucca Flat (red line) and SPE site (green line).

The simulations of the SPE2 explosion were conducted on two computational domains, 8x8x5 km and
2x2x4. The grid spacing was variable in the vertical direction, and constant in both horizontal directions.
The smallest grid spacing (5 m) corresponded to an upper frequency of about 10 Hz (minimum shear wave
velocity was 700 m/s). In al simulations the explosion source was modeled as an isotropic point source
with a Gaussian source time function and a seismic moment Mo=2.0x10" Nm. Several simulations were
run to investigate the effect of source time function, velocity variations, and surface topography.
Simulations with a Mueller Murphy source time function (Mueller and Murphy, 1971) cal culated for
granite, source depth=45 m, yield=0.002 kT, Vp=5000m/s, Vs=2900 m/s and density=2.5 g/cm? produced
the same results as simulations with a Gaussian source time function and a seismic moment Mo=2.0x10"
Nm in the considered frequency range of 0.1-10 Hz.
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Figure 8 compares data and

synthetics stations on granite Syt Line L1
along L1 and L2 in the frequency - w I S T R
range of 0.1-10 Hz and between 0 W\w 2 W}W 2o MW 2L JN,M—SJ
distances ranges of 200 m to T TS T T T
1000 m. The amplitude and e i e e
phase of the Rg waves are very VY SRS B Y 7 I P S ]
well reproduced for the vertical Y A e . WW ; R T T
component. Rg on the radial o 21 o Ly st e
component has a stronger Bh otrwassann IR e e A et
reverberation in the synthetics o w0 Wy o Wf - T oty
than the data. Notice that the et | T T T
shear waves observed in the I IR N N R BT i o
transverse component are not e R L MY mwry v X
reproduced by the simulation S Aoy R et ywermate HERD Matassranaatons HERE mscessoenie
well, asthey arrive much later ° ‘“’““W‘VW IR et 2 A s sanee SR maVl/ e B S
than the observed shear wave. s e T T T T T
Our simulation with anisotropic | © | T[RRI o “WV L W |
eXpI OS| on source SuggeStS that 00 04 T‘m: (ﬁm) 1216 00 04 Tlm:;ﬂ 12 16 00 04 T‘m: ;D) 12 16 00 04 T‘m:.iec’ 12 186
wave scatteri ng in the source o Vb ) e o Veams o Veltms s
areadid not contribute to the Rl I S I L B Sl I N N L I
generation of shear waves - o1 o y oy
observed in the transverse £
component, which may indicate R 1, 1 ., 1,
a source contribution. 03 03 03 03

. . Figure7. Simulated effects of surface weathering of the Climax
;I'he mCI(LjJS' Orrf' of tthe Werathﬁreﬂ stock granite on far-field waveforms (0.1-10 Hz). Each panel
aﬁer a; Sléffacte 09[?]9 a %;1;3 compar es 2.5D finite difference synthetic seismograms (green)
adramalic eftect on tNe SYnthetic ;v r ecor ded velocity waveforms (red) at stations along line
seismograms. Figure 9 compares y 9

: - . L1.B h -di i i .

synthetics produced with 3D ottom panels show the two-dimensional velocity models

velocity models with and without

topography. The topography has an effect on Rg waves observed in the radial and transverse components.
The effect of topography isincreased by alow velocity weathered layer. Figure 10 shows a snapshot of the
wavefield simulated with a 3D velocity model that covers an area of 8 km x 8 km. The simulation shows
that the complex geology and topography of the areais expected to cause strong variationsin azimuth in
both travel-time and waveform. In particular, as the seismic waves propagate to the south and southeast
they encounter the low velocities of the Y ucca Flat alluvium and underlying tuff. We are working to
improve our model in these areas.
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Figure 8. Comparison of data (black) and synthetics (brown) calculated using an isotropic point
sour ce model of the SPE-2 shot at stationsarray L1 (left) and L2 (right) (filtered, 0.1-10 Hz). The
synthetics are calculated using a 3D velocity model with surface topogr aphy.
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Coupling of 3D Hydrodynamic Source Modeling With far-field Anelastic Wave Propagation Modeling

Understanding the partitioning of energy excited by underground explosions as observed in the far-field,
requires the ability to model both the near-field, which includes the nonlinear deformation and damage
caused by the explosion, and the far-field, which consists of three-dimensional wave propagation in a

E o k__ AN 10 10 .,nM 10
—t Rl r T by iAsaas]

[ 05 10 15 20 oo 05 10 15 20 oo 05 1.0 15 20

Time (sec: Time (sec; Time (gec!

Figure 9. Effects of surface topography. Comparison of synthetic velocity seismograms calculated
with surface topography (red traces) and without surface topography (blue traces) band-pass
filtered at 0.1-10 Hz.

complex geological structure. We are developing an end-to-end three-dimensional (3D) simulation
methodology to handle both near- and far-complex geological structure. The transition between
hydrodynamic to seismic motion near the source is performed by coupling GEODY N, an Eulerian
hydrodynamics code with adaptive mesh refinement, and WPP a finite-difference computer program.

Figure 11 illustrates an example of synthetic seismograms from an isotropic explosion source calculated
with WPP and the coupled 3D-GEODY N-WPP codes using 3D simulations for a half space. The coupling
between the two codes is performed on the faces of a cube of 100m x 100 x 100m centered at the source.
Our next step is to perform simulations using realistic models of the nonlinear deformation and damage
caused by the chemical explosion (Antoun et al., these Proceedings).

Physical Models for P/S Earthquake-explosion Discrimination

The far-field seismic sensorsin and around NNSS
record natural earthquakes in addition to the SPE

chemical explosions. Previously (Mellorset al., 37.24 _ .

2011), we showed a comparison of the SPE-1 shot to 8';:,?,’::;&» sLined

anearby magnitude 0.7 earthquake at afew of the = Line2, .
SPE seismic stations filtered at a high frequency s
passband of 16-32 Hz. These seismograms show the Line 5

expected difference in relative P/S amplitude values ol
for closely located and similar sized events, withthe | | Tt
explosion having systematically higher P/S 37.22° i -
amplitudes than the earthquake. This P/S g
discriminant has shown empirically that it can
separate explosions from a background of ) X
earthquakes at many locationsin the world (e.g., Lined ~ : Yucca Flat
Dysart and Pulli, 1987; Baumgardt and Y oung, 1990; 3

Walter et a., 1995; Taylor, 1996; Hartse et al., 1997; T
Battone et al.; 2002; Walter et al., 2007). -116.08° -116.06° -116.04°
Figure 10. Snapshot of the SPE simulated
wavefield using WPP program and a 3D
velocity model with surface topography.

slow alluvium

Line 3 contourinterval: 100m
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For the SPE we are trying to address questions of

how and why the P/S discriminant works. This

includes investigating any magnitude, frequency,

depth or other dependencies that could affect how to

use the discriminant in practice. We are also working

towards understanding the separate contributions of . :

source and path on the discriminant through the 001 T T »
development of physics-based models. A question we 000 T/~ - TV~

aretrying to address in the SPE is how much of such oo TR T e
observed differences are due to source parameter 000 +—A\— T ]
differences (e.g., mechanism, duration), versus how o y T e T e
much is due to path differences (e.g., depth, o A S T W
scattering). In order to apply the P/S discriminant DN P "
over broad regions we need to be able to model and oo e T

account for such effects. o Y VR N W)
We are using the SPE data to test earthquake and _ oo ; o .
explosion models. For example in Figure 12 we show § 0w Shay VY

the SPE-1 and SPE-2 data at one of the SPE stations. O T o 0e de o o o o o
Note that at low frequency, below the corner Time sec) Tim sec)
frequency of the two events, the seismograms are Figure 11. Comparison of synthetic velocity
very well correlated and the amplitude differenceis seismograms calculated with WPP code
very close to the factor of ten changein theyield. We | (brown) GEODYN-WPP codes (blue), for a
form spectral ratios based on energy in the P-wave half space velocity model. The seismograms
arrival window on the vertical component and the areband-passfiltered at 0.1-13 Hz

S-wave arrival window on the transverse component.
We compare these observed ratios with several explosion source models. For examplein Figure 12 we
calculate the expected P-wave source spectral ratio for SPE-2 to SPE-1 using the Muller and Murphy
(1971) model for granite with the parameters given by Steven and Day (1985). We used the actual depths
of the shots and an assumed factor of two enhancement in yield for the chemical explosion (compared to
the nuclear explosion for which the model was developed). The match of the model with the observations
at one station is reasonable.

We also calculated the expected SPE-2 to SPE-1 ratio for S-waves using the Fisk (2006) conjecture that the
S-waves are matched by lowering the Mueller-Murphy corner frequency by the ratio of the Pto Swave
velocity. Theimplication of this model is that S-waves are generated close to the source and are tied to the
elagtic radius similarly to P-waves. As shown in Figure 12, the fit to the ratio of the observed S-wave ratios
at this station is poor. It isnot clear yet if the observed ratio reflects the true S-wave source or is
contaminated at high frequencies by scattered P and other waves. We are actively working to better model
and separate path and source effects in order to gain insight into the true source model for explosion
S-waves. Such amodel is crucial to being able to understand both the basis for the P/S ratio discriminants
and the circumstances under which they may not work.

CONCLUSIONSAND RECOMMENDATIONS

Results from our initial analysis of recorded and simulated waveforms from the SPE-2 explosion
demonstrate that the waves generated from the explosion have arich content in shear wave energy. The
S-P wave conversion at the surface topography, and affected by the weathered layer in the Climax stock
contributed to generation of Rg waves near the source region. However the shear waves observed in the
transverse component arrive much earlier than near-source scattered waves. Our interpretation of these
resultsis that the origin of such wavesis at the source. We have devel oped the computational capability
that will allow modeling of nonlinear deformation and damage caused by the explosion, as well as
three-dimensional wave propagation effect in a complex geological structure. We will use these toolsto
model near- and far-field data to better distinguish source and path effects. A full suite of other analysis
will be conducted. Thiswill include further study of the rotational data and modeling, small array signal
processing, examination of the P, S wave spectra and ratios, body and surface wave amplitudes, full
moment tensor inversion using 3D Green' s functions, interferometry, and comparison with local
earthquake data.
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Figure 12. A comparison of the SPE-1 and SPE-2 chemical explosion seismograms at station
L5-28 about 9 km away. Upper right showsthe vertical component, and the upper left shows
the transver se component (SPE-1 L5-28 had an error in the horizontal orientation).
Sseismograms ar e band passfiltered from 1-16 Hz and the 100kg SPE1 data is multiplied by
afactor of 10 and correlates very well with the 1000 kg SPE-2 shot. The lower |eft showsthe
Pg window spectral ratio for SPE-2/SPE-1 which matcheswell with the Muller-Murphy
prediction but the Sg window spectral ratio (lower right) does not match the Fisk (2006)
conjecture prediction well possibly dueto scattering and contamination.
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